(Submission date: February 19, 2014; Revised Submission date: April 9, 2014; Accepted date: May 13, 2014) This technical note describes the influence of coordinate systems and integration limits on global flame transfer functions (FTF). This work is motivated by recent work to model both the local space-time dynamics of the flame, as well as its globally integrated heat release, in response to flow and mixture property variations [1] [2] [3] [4] [5] [6] [7] [8] [9] . The front tracking approach forms the basis of the flame response modeling used here, where the flame position is the zero contour of the implicit function, , whose dynamics are described by [1, 2, [10] [11] [12] , (1) where is the flow velocity at the flame front, and s f denotes the normal propagation front speed.
As shown in Figure 1 , can be written as an explicit flame position, x, by defining the location of the instantaneous flame sheet with respect to some coordinate system. For example, past studies have defined the flame position with respect to the axial coordinate [13, 14] , transverse coordinate [2, 3, 8] or in a coordinate system normal to the time averaged flame position [7, 9, 15] . To illustrate, the resulting expression written in the axial coordinate system is: (2) Here, x A ≡ x A (x, z, t). The reasons for using different coordinate systems depend upon the particular focus of the study. The majority of studies have used a transverse coordinate system. However, Schuller et al. [7] , Lieuwen [16] , and Preetham et al. [9] 
used the normal coordinate system for their discussion of the local space-time dynamics of the flame sheet, as they are most naturally evident in that coordinate system. Shin et al. [13] and Shanbhogue et al. [14] used the axial coordinate system for their study, as the position of shallow angle flames remains a single valued function of the coordinate for much larger amplitudes in that coordinate system. We focus attention for the rest of this note on the linearized flame area dynamics. The flame area transfer function is defined as: ,
where the , ( ) and ( ) 0 , denotes the Fourier transformed variable, the fluctuating value, and the unforced value, respectively, and û´r ef denotes the "reference" excitation velocity, such as the velocity at the flame base. The instantaneous flame area is given by:
For example, the incremental area, dA(t), in a two dimensional problem is given in the axial coordinate system as:
Coordinate systems and integration limits for global flame transfer function calculations Equation (4) can be expanded as follows to show the individual contributing terms: (6) Note that the last term in eqn. (6) is second order in disturbance amplitude. Therefore, the leading order perturbation to this flame area is given by: (7) where A 0 is the area of the unperturbed flame, and the integral containing dA 0 is the area increment associated with extending or shortening the mean flame to intersect with the integration limit. The frequency domain equivalent for a two dimensional configuration in the different coordinate systems is:
where b = L f /W, and Dx and Ds are shown in Figure 1 . Equations (8), (9) , and (10) show that first order area fluctuations manifest themselves in three different ways in the different coordinate systems. In the axial coordinate system, first order area fluctuations occur over the length of the mean flame and in the oscillating integration limit. In the transverse coordinate system, there is no variation in integration limit; first order area fluctuations manifest entirely as wrinkles along the mean flame. In the normal coordinate system there is no variation in the mean flame position with downstream coordinate. That is, ∂x N,0 /∂s = 0, eliminating leading order area fluctuation due to flame wrinkling; area fluctuations arise completely in the oscillating integration limit.
It seems intuitive that a global quantity such as flame area should be invariant of the coordinate system. However, the solution to these expressions are completely different, depending upon integration limits. For example, if the integration limits are assumed to be constants, and equal to a fixed axial distance, L f (the flame height), transverse distance, W (flame width), or flame length, , then three different answers are obtained for G. To illustrate, consider the solution of eqn. (3) using these fixed integration limits for a two dimensional geometry, and the excitation of the flame by bulk axial forcing, a problem originally solved by Fleifil et al. [2] in the transverse coordinate system: Fixed Axial Distance FTF:
Fixed width FTF:
Fixed length FTF:
where St = wL f /u 0 , w is the angular forcing frequency, and u 0 is the mean axial velocity. Note that the transverse and axial FTF's differ by a factor of (-b 2 ), while the fixed length FTF is identically zero for the normal coordinate system (the area contribution arising at higher order). For this reason, Schuller et al. [7] and Preetham et al. [9] worked in a normal coordinate system when analyzing the local space time flame dynamics, but reverted to a transverse coordinate system for finding the flame area.
It is important to recognize that all of these solutions are correct within the approximations of the fixed integration limits; the fact that they are different arises from the fact that they are all solutions to different problems. For example, a problem where the transverse integration limit is fixed necessarily involves an oscillatory flame length in the other two integration limits, as shown in Figure 1 .
Probably the most physically relevant problem for confined flame problems is the situation where the integration limit is transversely fixed. This represents a problem where an oscillatory flame spreads to the wall and the edge of the approach flow reactants, with an oscillatory flame height and length. In order to analyze this case in the normal or axial coordinate systems requires the solution of eqn. (3) with a time varying integration limit. The time varying integration limit corrections for the axial and normal coordinate systems are determined by expanding the frequency domain fluctuating flame position functions to first order in a Taylor series and solving for the end correction using the geometric relations shown in Figure 1 . These end corrections for the bulk forcing problem are given by: Substituting eqns. (14) and (15) respectively into eqns. (8) and (10) yields the area fluctuations with the fixed width boundary condition. The flame transfer functions given by eqn. (3) now become identical to the fixed width FTF expression shown in eqn. (12) for all three coordinate systems, as must be the case.
The key takeaway from this note is the significance of the integration limit when evaluating global FTF's -very different answers are obtained for different assumptions on the integration surface.
